Endothelin, a 21-amino acid vasoactive peptide, is among the most potent positively inotropic agents yet described in mammalian heart. Having demonstrated that endothelin's inotropic effect is due, in part, to an apparent sensitization of cardiac myofilaments to intracellular calcium, we determined whether this could be due to a rise in intracellular pH (pHi T he regulation of the contractile state of the myocardium under normal physiological conditions has long been assumed to be dependent on the extent of mechanical loading of muscle fibers and the degree of activation of the autonomic nervous system. Endothelin, a potent vasoconstrictor peptide originally derived from media bathing primary cultures of porcine aortic endothelial cells, has recently been reported to act as a positive inotropic agent in mammalian atrial and ventricular muscle. These reports1-5 suggest that local factors, perhaps released by the microvascular endothelium and/or endocardium, might also directly From the Cardiovascular Division,
T he regulation of the contractile state of the myocardium under normal physiological conditions has long been assumed to be dependent on the extent of mechanical loading of muscle fibers and the degree of activation of the autonomic nervous system. Endothelin, a potent vasoconstrictor peptide originally derived from media bathing primary cultures of porcine aortic endothelial cells, has recently been reported to act as a positive inotropic agent in mammalian atrial and ventricular muscle. These reports1-5 suggest that local factors, perhaps released by the microvascular endothelium and/or endocardium, might also directly regulate myocardial contractile function. Indeed, in isolated rat ventricular myocytes, endothelin is the most potent positive inotropic factor we have yet tested, with an EC50 in this system of 50 pM,3 a value that approximates the reported Kd of endothelin for its receptor in either intact heart or in sarcolemmal membranes. [6] [7] [8] In addition, the kinetics of endothelin's effect on myocyte contractility are unusual, with a slow onset and sustained duration of action in both single cell and intact tissue preparations, indicating that the peptide may modulate the inotropic responsiveness of the heart over a time frame of minutes to hours, in contrast to the rapid onset and shorter-lived effects of known neurohumoral factors. 3 The mechanism by which endothelin induces a positive inotropic effect in cardiac myocytes remains controversial. Although an increase in cytosolic calcium has been observed in isolated rabbit myocytes at endothelin concentrations above 10 nM,9 we threshold with a 3-msec square-wave pulse through a platinum wire placed in the superfusion liquid connected to a stimulator (model S88, Grass Instruments, Quincy, Mass.).
After equilibration with the superfusion buffer and stabilization of myocyte contractile amplitude at a stimulation rate of 1.5 Hz, the cardiocytes were superfused with buffers containing 100 pM endothelin for 7 minutes to obtain a maximal increase in contractile amplitude. Consequently, the superfusion time of other drugs was increased proportionately (100 ,mM amiloride or 10 ,M ouabain with or without endothelin), with similar times of exposure to ultraviolet light, as described in the text, table, and figure legends below. Those cells exposed to varying extracellular pH (pH), with or without prior exposure to 100 pM endothelin, were exposed to superfusion buffer at each pHO for 3 minutes. Similarly, cells made alkalotic and subsequently acidotic by initial exposure to, and then washout of, NH4Cl were first allowed to stabilize for 3 minutes in superfusion buffer at a pHO of 7.4; stabilization was followed by exposure to 10 mM NH4Cl for 3 minutes and then to superfusion buffer alone, pH, 7.4, for another 6 minutes. A similar protocol was followed in which drugs were added before the NH4Cl prepulse technique was begun; however, in this case, the cells were allowed to equilibrate in superfusion buffer plus endothelin and/or amiloride or in superfusion buffer plus endothelin and/or ouabain for 12 minutes. Unless otherwise indicated, the superfusion buffer contained 137 mM NaCl, 4.0 mM KCl, 0.5 mM MgCl2, 0.9 mM CaCl2, 5.6 mM glucose, 4 mM HEPES, and 0.05% bovine serum albumin at a pH of 7.40 at 37°C. For cells suspended with a bicarbonate-buffered system, the superfusion buffer was as described above, except that 20 mM HCO3 was substituted for HEPES and the NaCl concentration was 120 mM. pH measurements were made using a pH meter (model 140, Corning, Medfield, Mass.) at 37°C, and pH was adjusted with NaOH or HCl.
Materials
Hyaluronidase type II, trypsin, bovine serum albumin (bovine fraction V), amiloride, ouabain, isoproterenol, D-sphingosine, and CCCP were purchased from Sigma, St. Louis; collagenase and deoxyribonuclease I were from Worthington Biochemical, Free- nM. The time course of the change in pHi also differed marginally from the increase in contractility; some increase in pHi was always apparent at 2-3 minutes (as shown in Figure 2 ) although, like the contractility response, the rise in pHi was not maximal for 6-8 minutes ( Figure 2 ). In contrast, no increase in contractility was apparent for about 4 Figure 3A . Extracellular alkalinization resulted in a marked increase in contractile amplitude, with little or no decrease in contractility at a pH. of 6.9. To determine the effects of prior exposure to endothelin on subsequent intracellular alkalinization or acidification during changes in pH, myocytes pretreated with 100 pM endothelin for 7 minutes were subsequently exposed to the same protocol as the control cells described above ( Figure  3A) . In this figure, the initial contractile amplitude was assigned a value of 100%. The increase in contractile amplitude with endothelin at 7 minutes averaged 190+26% of baseline (n=8). As illustrated here, endothelin-pretreated cells had only a modest further increase in contractile amplitude after exposure to a pH, of 7.9 and little or no further decline in contractility when pHO was reversed to 6.9.
In Figure 3B , Figure 3B ).
Endothelin and Inhibition of Na+-H+ Exchange
To determine the potential role of the sarcolemmal Na+-H+ exchanger in the intracellular alkalinization after endothelin infusion, cells were exposed to 100 pM endothelin with or without pretreatment with 100 ,M amiloride. Amiloride alone at this concentration had no effect on the contractility of these cells paced at 1.5 Hz and superfused at pH 7.4 Figure 3A) . However, in cells pretreated with amiloride and endothelin at pH 7.9, there was a marked increase in contractility at this pH0 that was similar to that seen in nonamiloride- Change in pHi FIGURE 3. Graphs showing the effect of changing intracellular pH (pHI) on myocyte contractility. Single isolated ventricular myocytes were loaded with the H'-specific fluorescent dye BCECF, attached to coverslips for simultaneous acquisition ofpHi and contractility data at 37°C, and stimulated at 1.5 Hz (see 'Materials and Methods"). Panel A: After equilibration with the superfusion buffer, the contractile amplitude was measured and assigned a value of 100% ("basal" contractility). Figure 3A) . Subsequent acidification with buffer at pH. 6.9 resulted in only an insignificant fall in contractile amplitude in both amiloride (alone) and amiloride-plus-endothelinpretreated cells ( Figure 4A ).
With intracellular alkalinization induced by superfusion with buffer containing NH4C1 ( Figure 4B) , there was an increase in myocyte contractility in amiloride-pretreated cells that was approximately half of that observed in control cells not pretreated with amiloride, as shown in Figure 3B . This is consistent with the fact that amiloride with NH4C1 blunted the increase in pHi by about 50% compared with nonamiloride-pretreated cells (note the change in scale on the pH axis in Figure 4B Figure 3B ). The Figure 3A , and NH4C1 prepulse and washout were as described in Figure 3B . Ouabain alone at 10-5 M increased contractile amplitude to 112±7% of baseline (n=11), Endothelin, p111 and Protein Kinase C Endothelin increases cytoplasmic pH in isolated adult rat cardiac myocytes via an amiloride-sensitive mechanism, presumably the Na+-H+ exchanger at the sarcolemmal membrane, as documented above. Since activation of the Na+-H+ antiporter in a variety of cell types is known to be mediated by protein kinase C, two inhibitors of this enzyme, H-7 and the structurally unrelated compound sphingosine, were used to determine the involvement of protein kinase C in the sequence of events leading to intracellular alkalinization with endothelin. The increase in pHi after exposure to 1 nM endothelin was completely inhibited by a 45-minute preincubation of myocytes in superfusion buffer with 50 ,uM H-7 (n=4), as shown in Figure 5 . Pretreatment of myocytes with 200 ,uM sphingosine for 10 minutes followed by 1 nM endothelin reduced the subsequent alkalinization of the cell interior to 0.053±0.006 pH units (40.2% of the response of cells treated with endothelin alone, Figure 5) . Incubation with this concentration of sphingosine was restricted to 10 minutes; this time limit was set because our own experience has shown that toxic effects of this drug occur during incubations lasting longer than 20 minutes. The increase in contractile amplitude in H-7-pretreated and sphingosine-pretreated cells subsequently exposed to endothelin was 156+21% and 136±7% of control, respectively, approximately half of that seen with endothelin alone, as shown in Figure 5 .
We3 have previously demonstrated that pertussis toxin completely inhibits the increase in contractility observed with endothelin. To determine its effect on the intracellular alkalinization induced by endothelin, quiescent cells were pretreated with 100 ng/ml pertussis toxin for 3 hours. This protocol had no effect on the contractile amplitude of cells paced subsequently at 1. after corrections for multiple comparisons. Pertussis toxin (100 ng/ml for 3 hours) had a nonsignificant effect on pHi but reproducibly inhibited the contractile response to endothelin (p<o.0l).
rise in pHi in response to 1 nM endothelin to 0.070±0.032 pH units (n=5), although this was not significantly different from the increase noted without pertussis toxin. However, as documented previOusly,3 the amplitude of contraction in response to 1 nM endothelin after pertussis toxin pretreatment did not increase significantly over baseline at 7 minutes (119±20%, p=NS).
Discussion Measurement ofpH, in Cardiomyocytes
Since the introduction of second-generation fluorescent dyes such as fura 2 and BCECF for the measurement of intracellular ion activities, the accurate calibration of their fluorescence signal has been hampered by several methodological problems. With the in situ calibration technique described above and in "Materials and Methods," the intracellular BCECF signal can be confidently calibrated over the range of pHi values achieved in this report, as documented previously. 19 The value obtained for baseline pHi in this study for adult rat ventricular cells superfused at pHO 7.4 (37°C) and stimulated at 1. [24] [25] [26] [34] [35] [36] [37] In the isolated rat ventricular myocyte model reported here, control cells underwent a significant increase in contractile amplitude with induction of an intracellular alkalosis, although the subsequent intracellular acidosis did not result in a fall below baseline in contractile amplitude in the absence of amiloride pretreatment (see Figures 2 and 3) . However, when the intracellular acidosis was not preceded by a significant alkalosis, as in the data shown in Figure 3B for amiloride-pretreated cells, a large and sustained fall in contractile amplitude occurred. Thus, prior alkalinization of the cell blunts the negative inotropic effect of a subsequent intracellular acidosis, resulting in a hysteresis phenomenon in the relation of contractile amplitude to pHi, as has been noted previously in Purkinje fibers34 and single isolated rat ventricular myocytes.25 Interestingly, the hysteresis in contractile function was also apparent in myocytes pretreated with a concentration of ouabain (10-5 M) sufficient to cause only a 10-15% rise in baseline contractile amplitude (data not shown). Presumably, this can be explained by a rise in intracellular Na+ activity that decreased the sarcolemmal Na+ gradient and resulted in both a slowed recovery from the intracellular acid load after NH4C1 washout and a reduced Ca2+ efflux (or increased Ca21 influx) via Na4-Ca2' exchange, thereby maintaining contractile amplitude despite the intracellular acidosis. Indeed, several reports have noted that the negative inotropic effect of a low pHi can be modified considerably or reversed by a rise in cell Na+ and, consequently, Ca2+.242635 39 Endothelin, Myocyte Contractility, and Na+-H+ Exchange Endothelin has been shown to increase pHi in several tissues including mesangial cells13 and vascular smooth muscle14 by activating the plasmalemmal Na+-H+ exchanger. We did not observe the transient early acidification reported in mesangial cells by
Simonson et al,'3 which was only observed at concentrations of endothelin above 10 nM. Endothelin has also been shown to activate phospholipase C and phosphoinositide hydrolysis in a number of tissues, including cardiac cells, with subsequent activation of protein kinase C30,40-42; this activation pattern presumably leads to phosphorylation of the Na+-H+ antiporter and results in the observed intracellular alkalinization.
As shown in Figure 1, In addition, no change in pHi could be detected at concentrations of endothelin below 10 pM, a concentration that reproducibly causes a 10-25% increase in contractile amplitude in these cells at 8 minutes. Also, a large increase in contractile amplitude in endothelin-treated cells was achieved with NH4C1 superfusion in the presence of amiloride ( Figure 4B) ; this increase in contractility was comparable with that seen in the absence of amiloride ( Figure 3B) despite the lower maximal pHi with NH4C1 in amiloride-pretreated cells. This implies that although an intracellular alkalinization contributes to the inotropic effect of endothelin, this effect is maximal after an increase in pH of approximately 0.20. Finally, alkalinization can occur in the absence of an increase in contractility, as occurred in pertussis toxin-treated cells ( Figure 5 ). Thus, although it is neither the essential nor the sole modulator of the increase in contractile state, the rise in pHi with endothelin contributes to the maximal increase in contractile amplitude with the peptide and appears to be initiated by a pertussis toxin-resistant second-messenger pathway, while the increase in contractile amplitude is mediated via a Go or Gi GTP-binding protein.
Increased activity of the Na+-H+ exchanger could lead to conditions that would favor reduced Ca2' efflux or increased influx by Na+-Ca2+ exchange, although again we were unable to detect an increase in either systolic or diastolic Ca21 concentration in myocytes exposed to less than 1 nM endothelin.3 Interestingly, a fall in intracellular calcium transients has been described during NH4Cl-induced intracellular alkalosis, perhaps due to increased Ca2+ uptake by the sarcoplasmic reticulum and/or reduced Na+-H+ exchange after introduction of the weak base. 43 Thus, the failure of our previous work3 to document a change in calcium transients accompanying the inotropic effect of endothelin could have been due to the offsetting effects of a small rise in intracellular calcium with endothelin and a fall in Ca2+ due to the intracellular alkalinization induced by the peptide. However, this explanation is unlikely; unlike the introduction of a weak base, the mechanism by which endothelin increases pHi involves stimulation of Na+-H+ exchange, which, as noted above, should lead to a modest increase in cytosolic Ca2+. Endothelin The response of a variety of cell lines and primary cultures pretreated with pertussis toxin and then exposed to endothelin also implicates a complex and perhaps tissue-specific signal transduction mechanism for this peptide, comprising several independently regulated pathways. In freshly isolated rat ventricular cells, as documented here, pertussis toxin completely inhibited the inotropic effect after exposure to endothelin, while variably reducing the concomitant intracellular alkalinization by no more than 50% ( Figure 5 ). In contrast, pertussis toxin had no effect on the endothelin-induced rise in inositol trisphosphate (EC5O, 10 nM) in freshly dissociated rat atrial cells.54 A dissociation between phospholipase C and phospholipase A2 activation in vascular smooth muscle cells has been noted based on their response to pertussis toxin,41 and a similar large increase in phospholipase A2 activiation with endothelin was seen in mesangial cells, but only at concentrations near 0.1 ,uM.50 This is well above the dose range necessary for inositol trisphosphate generation (1-10 nM) or for the induction of mitogenesis, intracellular alkalinization, and the stimulation of c-fos (<1 nM).
Thus 
